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ABSTRACT 

The effects of structural perturbation on second harmonic generation in collagen were investigated. Type I collagen 
fascicles obtained from rat tails were structurally modified by increasing nonenzymatic cross-linking, by thermal 
denaturation, by collagenase digestion, o r  by dehydration. Changes in polarization dependence were observed in the 
dehydrated samples. Surprisingly, n o  changes in polarization dependence were observed in highly crosslinked samples, 
despite significant alterations in packing structure. Complete thermal denaturation and collagenase digestion produced 
samples with no detectable second harmonic signal. Prior to loss of signal, no change in polarization dependence was 
observed in  partially heated or digested collagen. 

Keywords: Second harmonic generation. collagen, polarization, rat tail tendon. non-enzymatic glycation 

1 .  INTRODUCTION 

Collagen, the major structural protein in  the body, has long been observed t o  have significant second order nonlinear 
susceptibility. With the advent of ultrashort pulse lasers, i t  has become possible t o  study second harmonic generation 
(SHG) in collagen at high resolution without damaging the 

Fibrillar collagen molecules form highly organized structures, comprising long fibrils with diameters o f  15 nm to SO0 
nm, that provide structural support in organisms''. Collagen has an exceptionally long half-life, measured in decades. 
As a consequence i t  undergoes constant post-translational modification through genetically controlled processes, such as 
lysyl oxidase-mediated crosslinking . 
These modifications are responsible for many of  the degenerative changes associated with aging. In some cases, 
abnormalities in specific post-translational modifications are associated with disease states. 

15-16 17-18 , and stochastic processes. such as nonenzymatic glycation and oxidation 

SHG microscopy provides high resolution (-1 pm)  images o f  collagen structure as a function of depth in tissue, to a 
depth o f  a few hundred micrometers. , we observed a high degree of variability (two t o  three 
orders of magnitude) in  the strength of the second harmonic signal in two-dimensional scans of collagenous tissues, 
even in structurally homogeneous tissues such as rat tail tendon. This variability makes i t  difficult to use the strength of 
the second harmonic signal to assess changes in collagen structure. Possibly. i f  enough data points were collected in 
control samples and structurally modified samples, a statistically significant difference in  signal strength could be 
observed. However. one o f  the important advantages of  SHG microscopy-high resolution-would be lost. 
Furthermore, data collection would probably be too time consuming for clinical application. 

10-1 I In previous studies 

We  also observed that the polarization dependence of the SHG signal fluctuated less than the intensity as a function of 
position . This led us to ask: Do biologically relevant modifications o f  collagen structure result in changes in the 
polarization dependence o f  SHG that can be readily detected'? To answer this question, we studied the polarization- 
dependence of SHG in collagen that had been structurally altered in ways that simulated naturally occurring 
derangements. Type I collagen fibrils were subjected to thermal denaturation, collagenase digestion, non-enzymatic 
cross-linking, and dehydration. We compared the polarization dependence i n  these samples with that observed in  
control samples. 
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2. THEORY 

2. 1 Measuring the polarization dependence of the SHG signal in collagen 
The dependence of SHG in collagen on the orientation of  the linear input pc.Jrization has been successfully modeled 
assuming ;I second order nonlinear susceptibility tensor with cylindrical C,. symmetry . Because of cylindrical 
symmetry and other symmetries resulting from the fact that the wavelengths used are far from collagen electronic 
resonances, a single parameter describes the polarization dependence. We  present a brief summary of this model and the 
method that we use t o  measure this parameter. 

11.20 

The nonlinear susceptibility tensor for cylindrically symmetric materials can be written as 

where .? is a unit  vector along the fibril axis and a and b are independent parameters of the nonlinear susceptibility 
tensor; we define y =  Figure 2 illustrates the orientation of the collagen fibril, laser propagation direction, and laser 
polarization direction with respect to each other. Making the paraxial approximation, the polarization dependence of the 
SHG signal is then given by, 

1 1 1 
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where CY is the angle that the laser polarization makes with respect to the x-axis and 4 is the angle that the collagen fibril 
makes with respect to  the y-axis. We use a polarization-modulation technique (see Experimwr) that continuously rotates 
the linear polarization o f  the input light from 0 to 180 degrees at a frequency S2 in a saw-tooth pattern, so that a = rr(b. 
Substituting into Eq. 2. we have 

1 I 1 
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Thus, i f  we measure the component of the second harmonic light modulated at frequency J2 (the first modulation 

harmonic, IFMII), we obtain a signal proportional to - - (1 + 6 y  + 8 y - )  while if  we measure the component at 2Q(the 
1 7 
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Of 
1 1 
8 4 + 8 y  

second modulation harmonic, ISMH), we obtain a signal proportional to -(1+ 4y) . From the ratio R = - 

these two signals. we can calculate y Using Eq. 1 and y = b/(i and defining a new coordinate system where X 
corresponds t o  the collagen fibril axis and Y to the direction normal to both the fibril and the laser beam, it is possible t o  

. Thus, polarization-modulation 
d X Y Y  - 1+4R 

Clxxx 3 y +  I 4 + 8 y  d xxx 3+4R 
we can also write, - 

1 
. Using R = - CIXYY - - Y obtain 

allows direct measurement of  the ratio between the two independent elements in the second order nonlinear 
susceptibility tensor. 

By chopping the incident laser beam using an optical chopper, we can also measure the polarization-independent 
component of  the signal. We will use S t o  denote the ratio of the signal at the first modulation harmonic of the electro- 
optic modulator to the signal at the optical chopper frequency S. We should note that S does not correspond exactly t o  
the ratio o f  the first two terms in Eq. 3 above. The optical chopper produces a modulation that includes a DC component 
as well as components at the first and higher harmonics o f  the chopper frequency. I f  we rewrite Eq. 3 to include the 



effect o f  chopping the beam and we let QChop be the chopper frequency, Cllc the DC component of the chopped beam, 
and CQ the component at the chopper frequency, we have (leaving out terms at frequencies other than QC,,,,,, and Q) 

,~/,<>,, 

Thus. S must be multiplied by a correction factor Ca 
terms in Eq. 3. 

KO,- to obtain the correct value for the ratio of the first two 
,./qJ 

The steps leading from Eq. 1 to Eq. 3 are discussed in detail elsewhere’’. In deriving Eq. 3 we have assumed normal 
incidence on the fibrils (incident beam normal to the fibril axis) and omitted linear optical effects that could affect the 
polarization dependence-birefringence and polarization-dependent scattering. We  have also assumed that all of the 
fibrils in the interaction region (the region around the focus of the beam where the intensity is large enough to contribute 
significantly t o  SHG) are oriented in the same direction. We have shown in previous work’’ that conditions under which 
these assumptions are valid can be attained by using thin,  frozen sections of highly uniform rat tail tendon tissue. We  
have also made the paraxial approximation, neglecting the fact that focusing through a high numerical aperture 
microscope objective can modify the polarization of the beam. 

2.2 Quartz calibration 
To independently confirm the accuracy of  the polarization-modulation technique for measuring R and S in collagen, we 
applied i t  to a well-characterized nonlinear crystal. We chose a quartz waveplate-a crystal cut where the optical axis 
lies in the plane of the waveplate, normal t o  the beam propagation direction. The second-order nonlinear susceptibility 
tensor in quartz (choosing the Z-axis as the optic axis) is given by 

where rl,y,v,y = 0.40 p d V ”  and all of the o the r  tensor elements are zero. The surface of the waveplate lies in the X-Z 
plane; the laser propagates i n  the Y-direction. Using Eq. 5 ,  we obtain an expression for the second harmonic signal 
generated by the quartz plate as a function o f  polarization angle a(measured from the X-axis), 

3 1  1 
8 8 2  

oc + -Cos( 2 m )  + - Co.s(4m) IS,,, 

From Eq. 6, i t  is clear that the ratio R between the signal at the second modulation harmonic and the signal at the first 
modulation harmonic should be 0.25 and the ratio S,.,,,, between the signal at the first modulation harmonic and the DC 
component of  the signal (after correction for the effect of the chopper modulation itself, see above) should be 4/3. The 
value o f  the correction factor is calculated by assuming a certain beam profile for the laser beam and determining how 
the chopper modulates such a beam. Since we must chop the beam before i t  goes through the spatial filter and beam 
expander+,therwise the beam size exceeds the size of  the chopper blades-the beam is elliptical, making the 
calculation complex. We choose instead t o  use one of the measurements in quartz t o  calibrate the correction factor (see 
CtrliDrrrtiori ). 

3. EXPERIMENT 

3.1 Optical setup 
The optical setup used for  these studies has been previously described”; Figure 1 provides a diagram of the setup. 
Briefly, we used a Ti:Sapphire oscillator (Mira; Coherent Inc., Santa Clara, CA) to generate linearly polarized 200 fs 
pulses at a wavelength o f  800 nm and with a maximum energy of  5 nJ and at a repetition rate of 76 MHz. A Faraday 
isolator was used to prevent back-scattered light from entering the laser cavity and interfering with mode-locking. The 
beam passed through a half-wave plate followed by a polarizing beam-splitter; the half-wave plate was rotated to control 
the power incident o n  the sample. The p-polarized light transmitted through the beam-splitter was chopped at 1.5 kHz 



using an optical chopper and then passed through an electro-optic modulator (360-80; Conoptics, Danbury, CT) with its 
axes oriented at 45 degrees to the polarization of the light. The beam was passed through a spatial filter and beam 
expander (a 50 mm lens focused the beam onto a 50 pm pinhole). The beam then passed through a quarter-wave plate 
with its axes oriented at 45 degrees to those of the electro-optic modulator. 

A Mitutoyo 20X (NA = 0.42) microscope objective was used t o  focus the beam onto the sample. An iris was used to 
allow o n l y  the central maximum of the Airy pattern produced by the spatial filter to enter the back-aperture of the 
microscope objective. The transmitted second harmonic signal W;IS collected using a Mitutoyo IOOX (NA = 0.7, 
working distance = 6.0 mm) objective. An interference filter was used to reject the first harmonic and allow only the 
second harmonic signal t o  reach the PMT (H6780; Hamarnatsu Photonics K.K., Hamamatsu City, Japan). A fiber-lamp 
(used while not scanning t o  illuminate the sample through the collecting objective), pellicle-beam splitter (flipped into 
the beam path before the microscope objective when not scanning), lens. and CCD camera were used in order to image 
the sample and the focal spot of the laser. 

We  used the electro-optic modulator and quarter-wave plate combination t o  rotate the polarization direction of the 
linearly polarized laser light. An electro-optic modulator functions as a variable wave plate where the phase delay is 
proportional to the voltage applied across it .  For linearly polarized input light, the electro-optic modulator produces 
elliptically polarized light. The quarter-wave plate that follows the electro-optic modulator converts the elliptically 
polarized light in to  linearly polarized light rotated by some angle with respect to the laser polarization direction. The 
degree of  rotation is directly proportional t o  the applied voltage: from 0 degrees for 0 V to 180 degrees for the full-wave 
voltage o f  the electro-optic modulator. The voltage across the electro-optic modulator can be modulated at high 
frequencies; o u r  system is limited to a bandwidth of 1 MHz. 

A function generator (DS345; Stanford Research Systems, Sunnyvale, CA) provided a saw-tooth waveform at 4 kHz that 
was amplified to have an amplitude equal to the full-wave voltage o f  the modulator using a high voltage power supply 
(Conoptics 302A). The polarization modulated beam produces a modulated SHG signal in  the sample with frequency 
components at the first and second harmonic of the modulation frequency (the origin of these modulations is discussed 
in Tlrcw-y. below) After passing through a current preamplifier (SR570; Stanford Research Systems. Sunnyvale, CA), 
the modulated signal from the PMT was decoded using three lock-in amplifiers (SR830; Stanford Research Systems., 
Sunnyvale. CA)  set to detect the amplitude and phase of the SHG signal at both the first and second harmonic of the 
EOM modulation frequcncy as well as the optical chopper 1.1-equency. A Labview program was used to coordinate 
motion of the translation stage using a motion controller (ESP300; Newport, I rvine,  CA) and Newport 850F actuators 
and to acquire data f r o m  the lock-in amplifiers. 

3.2 Sample preparation and modification 
3.2.1 Tissue source 
Type I collagen fascicles were harvested from tails of 3-4 month old Sprague-Dawley rats that had been stored at -20 
degrees C. We have previously observed that there is no difference between fresh and frozen tissue with respect to 
second harmonic signal (unpublished data). Individual tendon fascicles were removed from the tendon bundles under a 
dissecting microscope. Fascicles harvested from the rats ranged i n  length from 10 cm to 20 cm, with a diameter ranging 
from 0. I t o  0.3 mrn. Some fascicles were structurally modified, as described below. Both control and modified samples 
were prepared for analysis as frozen sections; 4 pm serial slices were obtained from approximately 20 pm to 30 pm 
below the surface. The unstained sections were mounted o n  glass slides beneath a cover slip. 

3.2.2 Non-enzymatic cross-linking 
Several agents were used for  inducing covalent crosslinking in collagen: glutaraldehyde, formalin, methylglyoxal (MG), 
and glucose-6-phosphate (G-6-P). Glutaraldehyde and formaldehyde are potent chemical crosslinking agents used for 
tissue fixation; we selected them because they are capable of producing far higher levels of covalent bonds than occur 
naturally. G-6-P reacts with lysine residues o n  collagen nonenzymatically; over time these adducts undergo a series of 
complex reactions and rearrangements, culminating in  the formation of advanced glycation-endproducts (AGEs). AGEs 
comprise a heterogeneous group of compounds,covalently bonded to collagen, that accumulate on collagen in virtually 
all tissues and organ systems. and which are associated with the profound structural and functional changes that occur in 
aging and diabetes'". G-6-P was selected as the glycating agent, as i t  reacts with collagen in vitro much more quickly 



than glucose. MG is a naturally occurring metabolic intermediate, which has recently been recognized as playing a role 
in AGE formation in vivo. In  vitro studies have shown that incubation of collagen with MG results in rapid formation of 
AGE compounds. We selected this compound in order to generate collagen with a high level of AGE-type crosslinking. 

Samples were placed in microcentrifuge vials to which were added one ml o f  one of the following solutions: 10% 
formalin, 5%) glutaraldehyde in  500 mM sodium phosphate buffer, pH 7.1; 100 mM methylglyoxal i n  250 mM sodium 
phosphate buffer, pH 7.1.; 200 mM G-6-P in 250 mM sodium phosphate buffer, pH 7.1. All of the samples except for 
those incubated with G-6-P were incubated fo r  24 hrs at room temperature. Samples in G-6-P were incubated for 1 ,  2, o r  
3 weeks. At the end of the incubation period, all samples were washed in phosphate buffered saline (PBS) and sectioned 
as described above. 

3.2.3 Thermal denaturation 
Rat t a i l  tendon fascicles were placed in microcentrifuge vials to which was added I ml of PBS ut room temperature. The 
vials were placed for 45 minutes in a digital dry bath heater (Isotemp 125D; Fisher Scientific, Houston, TX), that had 
already reached its set temperature, The temperature display on the digital dry bath heater was calibrated against an Hg 
thermometer. The following temperatures (degrees C) were used: 50.0, 5 1 .O, 52.0, 52.5, 53.0, 53.5, 54.0, 55.0, 56.0, 
56.5, and 57.0. At the end of  the heating period, the vials were removed from the  heating block and allowed to cool to 
room temperature. Frozen sections were prepared as described above. 

3.2.4 Alcohol drying 
To determine the effect o f  collagen hydi-ation o n  SHG, we compared normal fascicles with fascicles that had been 
subjected to dehydration through immersion in a graded series of ethanol dilutions, beginning with 25% ethanol i n  
water, and ending in  absolute ethanol. Samples were mounted in paraffin so that sections could be prepared. 

3.2 .S Collagenase digestion 
A solution of highly purified collagenase (Type VI1 collagenase; Sigma, Saint Louis, MO), containing 140 U/ml (1000- 
3000 CDU/mg) in  0.01 M CaCI2/0.02 M Tris (pH 7.55)/ 0.05%. toluene was prepared. Collagenase efficacy is 
determined by measuring liberation o f  leucine from the polypeptide after incubation for five hours in 0.01 M CaCI2/0.02 
M Tris at a pH of 7.4 and a temperature of  37 degrees C. Efficacy is expressed in terms of Collagen Digestion Units 
(CDU); 1 unit  (U) is equivalent to the liberation of 1.0 pM o f  leucine. Rat tail tendon fascicles were incubated at 37 
degrees C in this solution for 1 h. 2 h ,  4 h, 6 h, and 12 h. Frozen sections were then prepared as discussed above. 

3.2.6 Age dependent cross-linking 
To examine the effects of age on SHG, we obtained a tail tendon sample from a 30 month old rat (available from a 
previous study) that had been stored at -20 degrees C. Frozen sections were prepared, and serial sections were obtained 
f rom 70 p m  to 30 pm below the surface and mounted, unstained, o n  glass slides beneath a cover slip. 

3.2.7 Control samples 
Control samples were incubated at room temperature in PBS for 24 hrs. 

4. CALIBRATION 

I n  order t o  confirm the accuracy of  the technique we use to measure the polarization dependence of SHG in collagen 
samples, we used the sxne  techniques t o  make measurements i n  a quartz waveplate so that we could compare o u r  
experimental observations with the predictions of Eq. 6. We performed twenty depth scans ( I  pm resolution) over a 100 
pm a x i a l  rangc near thc  front  surface of  t h e  quartz. The scans were spaced 1 p m  apart in the transverse direction. We  
obtained an average values o f  R = 0.26, in  good agreement with the theoretical value, R = 0.25. 

The quartz crystal also allows us t o  correct the measured value of S for the fact that the chopper modulation is not a 
perfect sine wave (refer t o  Tlzcwr:~). In quartz, we expect S,,,,, = 1.33 and we measure S = 0.93. Thus, for any sample, 
the  measured value of S must be multiplied by 1.43 in order t o  obtain the  correct ratio of the FMH signal to the DC 
signal in Eq. 3. 



5. RESULTS 

5.1 Overview 
Collagen is characterized not only by its well-defined structure-from the molecular to the macroscopic-but also by its 
continuous modification years after the initial structure has been assembled. We  wanted to investigate the effect of some 
of these modifications on SHG signal under controlled conditions. To this end, we subjected isolated fascicles to 
conditions designed t o  produce perturbations in structural integrity analogous to those that occur in vivo. We examined 
the effects of increased nonenzymatic glycation, enzymatic digestion, and thermal denaturation. In addition, we 
examined the effects o f  inducing high levels of covalent crosslinking with agents such as glutaraldehyde and 
formaldehyde. We performed experiments t o  determine the effect o f  these changes on  the polarization dependence o f  the 
SHG signal. We decided to focus on polarization dependence because this measurement has a much smaller intrinsic 
variability than the intensity, which tends t o  fluctuate over several orders of magnitude even within highly organized 
samples such as rat tail tendon. 

5.2 Non-enzymatic cross-linking 
R was measured i n  sections from rat tail tendon tissue crosslinked with methylglyoxal (MG), G-6-P, glutaraldehyde or 
formaldehyde. For each o f  the samples. we randomly chose three regions to scan. However, we tried to avoid regions 
where the section was folded over on itself, crumpled, or torn; our  previous results’’ indicate that such phenomena can 
have a significant effect o n  R .  Each region consisted of a 150 p n  by 100 p n  rectangle in the plane of the frozen section. 
Data were collected with a scan resolution of 2 pm (15,000 points per region). Data points where the signal at the first 
modulation harmonic did not exceed a minimum threshold (about ten times the noise floor) were eliminated. For each of 

the three scans obtained in  each sample, the average value of R was determined. The corresponding value of d X Y Y  - 

d xxx 
the ratio of the two independent elements in  the collagen second order nonlinear susceptibility tensor-was calculated 
and plotted in Figure 3. There were no significant differences between control collagen and any of the crosslinked 

in collagen obtained from an old rat, to determine if AGE collagen with respect t o  

accumulation that had occurred naturally over an extended period of time might differ in some way from crosslinking 

in aged tissue was not  significantly different from that of induced artificially at an accelerated rate. However, 

control tissue (Figure 3 ) .  

d X Y Y  

X X X  d x x x  

d X Y Y  

c lxxx  

. We also measured d X Y Y  

5.3 Thermal denaturation 
We measured SHG in collagen that had been heated to different temperatures for 45 minutes. Samples subjected to 
temperatures less than -52 degrees C had a normal SHG signal; samples heated to a temperature exceeding -54 degrees 
C had no SHG signal. Some samples heated to -53.0 degrees C had no signal, while others had normal signal. Samples 
had either a normal SHG signal or no signal at all, suggesting a sharp transition around 53 degrees. For each sample, we 
determined the average value of R i n  three randomly selected 100 pm by 100 pm regions (1  pm scan resolution). We  

( in  those samples in which signal again calculated the corresponding value of  d X Y Y  

X X X  d xxx 
. The effects of heat on d XYY 

) between the heated d X Y Y  

d x x x  
was detectable) is shown in Figure 4. There is no significant difference (with respect to 

samples in which signal was detected and the control samples. 

5.4 Collagenase digestion 
We measured SIIG signal in  collagen digested with collagenase at 37 degrees C for different time periods. Tissue 
treated for 4 h had normal signal; no  signal was detectable in any tissue treated for 6 h or longer. For each sample, we 



determined the average value of R in three randomly selected 50 p m  by 50 p m  regions ( 1  pm scan resolution). The 

There is no significant effects o f  collagenase digestion o n  the calculated values of are shown in Figure 5. dxw 
d x x x  

) between the collagenase digested samples in which signal was detected and the 4 Y Y  

d xxx 
difference (with respect to 

control samples. 

5.5 tlydration state 
In a previous study, we had observed a significant change i n  R between native rat tail tendon samples stored in PBS and 
allowed to air-dry and tendons that were dehydrated in a series of increasingly concentrated ethanol baths". However, 
since the studies were performed in native rat tail tendon, we were unable to determine conclusively whether the 
observed change in R was attributable to changes in the nonlinear susceptibility or to changes in  the linear optical 
properties. In  the present study, we examined the effect of hydration on SHG in thin sections of rat tail tendon in  order 
to minimize confounding effects of changes in the linear optical properties. We measured R (and calculated the 

) in six randomly selected 100 pm by 100 p n  regions (1 pm scan resolution). We found corresponding value of  4 Y Y  

(1 sxx 

in the dehydrated sections was lower than that in the control sections (Figure 6). d x,Y 

d xxx 
that the value of 

5.6 R , S ,  and y 
In the results presented above, we have focused on measuring R-the ratio between the second harmonic signal 
modulated at double the electro-optic modulator frequency and the signal modulated at the electro-optic modulator 
frequency. From a measured value of K ,  we can directly calculate y, a parameter of the second order nonlinear 
susceptibility tensor of collagen. However, as discussed in Theory, we can also measure the ratio S between the signal at 
the electro-optic modulator frequency and the signal at the chopper frequency. We noted previously (see Culibratiori) 
that the measured value of S must be corrected in  order to take into account the fact that the chopper modulation is not a 
sine wave; we use measurements in  quartz to obtain this correction factor. Once S has been multiplied by the correction 
factor, i t  can also be used t o  directly calculate y. We wanted to determine if the values of yobtained from measurements 
o f  R and S agreed. To do so, we measured both R and S in  the same 100 by 100 p m  region of a sample using a I p m  
scan resolution; we obtained mean values of R = 1.30 and S = 0.15. We multiply S by the correction factor (1.43) to 
obtain S,.,,,, = 0.2 1. We can then calculate yfrom R to obtain y= -0.60, and we can calculate yfrom S to also obtain y= - 
0.60. The good agreement between these two results offers additional support for the cylindrical symmetry model of 
SHG in collagen. Finally, given we can calculate the ratio of the two independent elements in  the second order 

= 0.75. This ratio ranges between about 0.63 and 0.75 in all of nonlinear susceptibility tensor for this example: d XYY 

d xxx 

= 0.69 is an average value, 4 Y Y  

d xxx 
o u r  control samples; 

6. DISCUSSION 

We have measured the effect of several biologically relevant modifications of collagen structure-non-enzymatic cross- 
linking, thermal denaturation, collagenase digestion, and dehydration-on the polarization dependence of SHG. We 
found that non-enzymatic cross-linking had no observable effect on the polarization dependence-whether samples were 
crosslinked in vitro o r  whether  crosslinking occurred naturally through aging. These findings were surprising, since 
alterations in crosslinking are known to have significant effects on many aspects of collagen structure. For example, 
glycation has been shown to significantly increase molecular packingz2. Similarly, collagen that has been subjected to 



strong chemical crosslinking agents such as glutaraldehdye and formaldehyde has extensive alterations in  its structure at 
both the molecular and supramolecular level'-'- . Virtually the on ly  aspect of collagen that remains unchanged by such 
treatment is its primary structure. 

'1 '4 

Thermal denaturation resulted in an abrupt drop i n  the SHG signal, but we did not observe that the polarization 
dependence of the signal changed in samples heated to  just below the point of  denaturation. Changes that did not result 
in destruction of the fibrillar structure did not result in a change in the SHG signal. A previous study of SHG in 
thermally denatured collagen-using purified type I collagen fibrils, a much larger sample, and a much larger focal spot 
(-0.5 cm)-found that SHG signal became undetectable at a temperature between 65 degrees C and 70 degrees C2'. 
This study also found that for temperatures of 30 degrees C t o  SO degrees C, the SHG signal dropped at the same rate as 
the fluorescence signal; at  higher temperatures, t h e  SHG signal dropped more rapidly. The larger samples and the use o f  
purified collagen may account fo r  the fact that SHG signal was observed at temperatures up to 65 degrees C, a 
temperature at which o u r  samples were completely denatured. 'The temperature at which Theodossiou et. a1.2s observed 
an increase in the rate o f  SHG decay corresponds to the temperature (-53 degrees C) at which we noticed complete 
denaturation of the tissue. 

I n  the collagenase-digested samples. we obtained similar results as in the case of thermal denaturation. Samples that 
were digested for 2 h r  o r  4 h r  did not exhibit a SHG polarization dependence that was significantly different from the 
control samples. A sample that was digested for 6 hr-where the fibrillar structure was d e s t r o y e d 4 i d  not have any 
SI-IG signal. 

We observed that significant changes i n  the degree of hydration do have an effect o n  the polarization dependence of the 

second harmonic signal. The value of measured in dry tissue is lower than that in hydrated tissue. Based on 

measurements in thick samples-where birefringence and polarization dependent scattering may also play a role-we 
had postulated that the  absence of highly polar water molecules reduces the  nonlinear polarizability normal to the fibril 

Our results in th in  sections, where birefringence and axis, which would result in a decreased value of 

polarization dependent scattering can be neglected, support our hypothesis. 

dx,.y 

d SSX 

. dx,, I I  

4 x x  

7. CONCLUSION 

The effects o f  structural  perturbations on SHG in collagen were assessed in th i s  study. We chose to investigate 
polarization dependence of  the SHG signal because i t  fluctuates much less than does the magnitude of  the signal. Not 
surprisingly. we observed that when collagenase and thermal denaturation destroy the fibrillar structure of  collagen, the 
second harmonic signal is lost completely. We found that the hydration state o f  collagen significantly affected the 
polarization dependence of  SHG; we hypothesize that the absence of highly polarizable water molecules may be 
responsible for this change. The most surprising finding was the complete absence o f  any change in SHG polarization 
dependence in collagen that had been subjected to the most extensive structural modification-short of denaturation-in 
o u r  study. This observation raises interesting questions about the structural aspects of collagen most significantly 
involved i n  determiniiig the  second order nonlineai- susceptibility. Clearly, experiments targeting other structural 
features. such as degree o f  chirality or perhaps even primary structure itself may shed light o n  this fascinating problem. 
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